ABSTRACT OBJECTIVE: To identify correlates of hemoglobin (Hb) and anaemia unexplained by iron deficiency (UA) in Canadian Inuit adults.
Inuvialuit (Canada), Kalaallit (Greenland), and Yupik (Russia)" in the charter of the Inuit Circumpolar Conference, is limited. Previous surveys assessed iron status by serum ferritin without accounting for the confounding effect of inflammation. 7, 10, 11 There has also been inadequate information regarding the many socioenvironmental conditions important in understanding the context of anaemia in a population experiencing rapid social, cultural and dietary transition. Further losses of traditional lifestyle, dietary patterns 12 and pervasive food insecurity 13 may place Inuit at increased risk of anaemia. A deeper understanding of the factors related to anaemia in Inuit is therefore needed to inform health policy. The objectives of this study were to identify correlates of Hb and anaemia unexplained by iron deficiency (UA) in Inuit adults of Inuvialuit Settlement Region (ISR), Nunavut Territory and Nunatsiavut Canada.
METHODS

Study population and assessment
This research is part of the Inuit Health Survey conducted in 36 Arctic communities within ISR, Nunavut and Nunatsiavut. Details of the study design and methods were previously described. 14 Briefly, sampling was stratified by community with randomization of households within communities. The household response rate was 68% overall and included 2,550 eligible adults ≥18 years of age (60.9% female). Individual informed consent was obtained, as well as ethical approval through the McGill University Faculty of Medicine Institutional Review Board in 2007, with ongoing renewals through 2015. The laboratory and clinical measures used in this study, including cut-offs used, are reported in Supplementary Table 1 (see ARTICLE TOOLS section on journal website). In the development of the International Polar Year Inuit Health Survey, pre-existing Statistics Canada and other survey instruments capturing sociodemographic, health and household characteristics were utilized. 14 Education level was assessed by number of school grades completed and dichotomized into ≤ elementary school (grade 6) or > elementary school. Dietary assessment was conducted with a single 24-hour recall using a four-stage, multipass approach and a semi-quantitative food frequency questionnaire (FFQ) with 37 traditional food (TF) items and 5 market foods. The FFQ assessed frequency of intake over the past year according to seasonal availability, as previously described. 2, 14 TF was defined as animal and plant species culturally identified as food and harvested from the local environment, whereas market food was that shipped from the South and purchased in stores 12 .
Recall data were entered into CANDAT software (Godin London) and nutrient analyses obtained from the 2007b Canadian Nutrient File and supplemental databases, as previously described.
2,3,14
Statistical analysis
Smoking-adjusted (# cigarettes/day) mean Hb concentrations by age decile were analyzed by one-way ANOVA and reported in Figure 1 . Weighted prevalence estimates of IDWA (iron deficiency without anaemia), IDA and UA are presented in Figure 2 . Sampling weights reflected the proportion of participating adults using Statistics Canada's Census data of age-appropriate Inuit by community. Independent determinants of Hb were assessed in a multivariate linear model using a priori selection of variables known or suspected to be related to Hb (Table 1) . Independent determinants of UA vs. non-anaemic were assessed in a multivariable logistic model with region and community included as a random effect intercept in a mixed model, after exclusion of all IDWA and IDA participants (Table 2) . Age-and sexadjusted correlates of Hb and UA were compared across regions in Table 3 , using linear regression. All analyses were performed in STATA (version 11; StataCorp LP, College Station, TX). P-values were all two-sided and significance was set at p ≤ 0.05, with the exception of interaction terms (p ≤ 0.1). 
RESULTS
Study population
Mean age ± SD of the study population was 42 ± 15 years (range: 18-90), with 28% of participants overweight and 36% obese by WHO criteria. Underweight was almost non-existent (0.8%). Seventy percent of the sample currently smoked, with a median of 10 cigarettes/day (IQR: 6-13). High blood pressure, diabetes mellitus and high cholesterol were self-reported in 26%, 7% and 11% respectively, and a low hs-CRP (high-sensitivity C-reactive protein) concentration (<3 mg/L) was observed in 73% of the sample. Five percent of participants reported taking a daily dose (80-325 mg) of acetylsalycylic acid (ASA) and a further 4% reported regular use of other non-steroidal anti-inflammatory drugs (NSAID). However, these participants did not differ in Hb concentrations from age-adjusted non-ASA or NSAID users and were therefore included in analyses.
Anaemia prevalence
Hb concentrations were lower and rates of anaemia higher in men after approximately 50 years of age, but both remained relatively stable among women across age groups (Figures 1 and 2 ). For men, iron depletion was associated with only 18% of anaemia cases while 82% of cases were unexplained by iron stores. Over one third of men with UA (37%) had elevated hs-CRP. Among premenopausal women, iron depletion (ID) was associated with most cases of anaemia, although this is likely an overestimate of IDA based on a one-parameter model for classifying ID. 3 Nonetheless, ID among premenopausal women with and without accompanying anaemia was pervasive. For women with UA, 17% of cases also had an elevated hs-CRP. Among men, 96% of all anaemia cases were mild (Hb 100-129 g/L) and none were severe (Hb < 70 g/L). For women, 87.5% of all anaemia cases were mild (Hb 100-119 g/L) and none severe (Hb < 70 g/L). In a subset analysis of men and women with anaemia, who also had sTfR (soluble transferrin receptor) and SF (serum ferritin) measured (n = 211), 94% of men and 89% of women were categorized with anaemia of inflammation (AOI) (sTfR index < 1.5). Using the total body iron calculation on the subset sample, 1.6% of men (95% CI: 0.7-3.6%) and 6.1% of women (95% CI: 4.1-8.7) had no body iron stores (<0 mg iron/kg).
Anaemia, other causes
Lead exposure was investigated as a potential cause of anaemia and was negatively associated with Hb in men after multivariate adjustment ( 
Dietary intake
Median dietary intakes were analyzed for men and women, using 24-hour recall derived nutrient intakes, considered relevant to anaemia. Median intakes of men and women exceeded both the estimated average requirement (EAR) and recommended daily allowance (RDA) for vitamin B12 (4.9 and 3.6 μg/day respectively) and riboflavin (2.5 and 1.9 mg/day respectively). Median intakes of folate (318 and 275 mg DFE/day), however, were less than the EAR for both men and women respectively. Median iron, vitamin C and calcium intakes as well as macronutrient distributions were reported elsewhere, 2,3 with insufficient micronutrient intakes observed (median < EAR) for vitamin C, vitamin A and calcium, but not iron (2.3% of men and <1% of post-menopausal women consumed < EAR after statistical adjustment of the one-day recall.
2,3
Correlates of hemoglobin and unexplained anaemia
In a multivariate-adjusted linear model (adjusted R 2 = 0.30), SF, % adiposity, and frequency of TF intake were positively associated with Hb, while having an elementary school education or less was associated with lower Hb levels ( Table 1) . For participants over 50 years of age, hs-CRP and one or more seropositive tests were also negatively associated with Hb. For men, % eicosapentaenoic acid (EPA) and EBL were negatively associated with Hb. An analysis of missing values revealed that participants with missing data were 3.4 years older (p = 0.001) than included participants, but did not differ in sex, body mass index, % adiposity, food security status, or current smoking status. In a multivariate-adjusted logistic model (Pseudo R 2 = 0.09), % adiposity was independently associated with reduced risk while higher hs-CRP and having an elementary school education or less was associated with increased risk of UA (Table 2) . For men, % red blood cell (RBC) EPA and EBL were also associated with increased risk of UA. Having one or more seropositive tests was marginally associated with higher risk among those over 50 years of age.
Regional variations in unexplained anaemia and correlates
Regionally, the prevalence of anaemia differed, with the highest rate observed in Nunavut (26.7%), followed by Nunatsiavut (21.1%) and ISR (13.4%). This paralleled RBC EPA, TF intake, and * The regional and community variance components were 0.12 and 0.05 respectively. The intraclass correlation was ρ = 0.034 (region) and ρ = 0.015 (community). All variables were evaluated together in the same logistic mixed model. † For highly prevalent outcomes, the odds ratio will tend to exaggerate the true relative risk. ‡ Participants with iron depletion or iron deficiency anaemia were excluded from the model (n = 1337). 
UNEXPLAINED ANEMIA IN INUIT ADULTS
blood lead concentrations (Table 3) . Despite similar concentrations of hs-CRP and serum 25(OH) vitamin D across regions, Nunavut participants had a higher number of seropositive test results than the other regions. In Nunavut, the higher RBC EPA corresponded to greater marine mammal intake frequencies. In Nunatsiavut, high RBC docosahexaenoic acid (DHA) and intermediate EPA were reflected by higher fish but less marine mammal consumption.
DISCUSSION
Anaemia has been observed among Inuit adults for decades but the etiology was never fully explained. While ID can explain much of the anaemia observed in pre-menopausal women (Figure 2 ), men >50 years of age and post-menopausal women have moderate rates of anaemia, according to World Health Organization guidelines, 1 despite adequate iron stores. This population is unique in that anaemia disproportionately affects men instead of women 4 before 75 years of age. Consequently, this is not simply an anaemia of aging, as most cases were observed between 51 and 70 years of age and Hb was lower, specifically in men, after 50 years of age ( Figure 1 ). Although the definitive cause of the UA could not be defined, our study provides important clues that can direct further investigation. Our data suggest that there is regional variation in anaemia and that multiple factors may contribute to anaemia among older Inuit, including inflammation, infections and low socio-economic status (SES), as well as RBC EPA status and elevated blood lead in men. Thus, the nutrient-rich traditional diet and lifestyle may protect Inuit from nutritional anaemias (e.g., iron, folate, vitamin B 12 ), but contribute to lower Hb values through environmental exposures. In our sample, the highest rates of anaemia were observed in the more traditional region of Nunavut and an intermediary rate in Nunatsiavut, which corresponded to regional differences in RBC EPA % and blood lead levels (Table 3) . Similarly, anaemia prevalence was highest in a more traditional Alaskan region compared to other regions among both Indigenous and nonIndigenous children of Alaska, suggesting an environmental determinant might be involved 9 . Prevalence of anaemia for Inuit, therefore, appears to be highest in more traditional regions, which may be related to many factors, including dietary patterns, health care access, infectious disease exposure, and/or lower SES. Indeed, a low level of education was independently associated with lower Hb and increased risk of UA, after multivariate adjustment in the current study. AOI is not easily measured due to the lack of a single unequivocal marker of inflammation and non-specificity of the indicators. Thus, AOI may include anaemias of various pathophysiological causes. Although H. pylori seropositivity on its own was not related to anaemia risk, the associations of hs-CRP and the composite index of seropositive tests with risk of UA, as well as the low sTfR:SF index in this population, supports a role for inflammation in the UA cases. Similarly, AOI was reported to explain 42% of the anaemia among post-menopausal Nunavik women in 2004, with 14% due to IDA and 44% remaining unexplained. 15 Iron intake and iron stores did not contribute to anaemia among older adults. Vitamin B 12 intake appeared adequate and is supported by observations of adequate serum B12 in Nunavik women. 15 Folate intakes were low but RBC folate levels, at least among young women, were not in a range associated with macrocytic anaemia. Given the current consumption of (fortified) wheat flour bread and other market foods, 16 severe folate deficiency would not be suspected. Vitamin A intakes < EAR were common, although reliable estimates of vitamin A intake require many days of dietary recalls. A 1998-1999 dietary survey of Canadian Inuit observed low probability of vitamin A inadequacy among Inuit >40 years of age and high probability of inadequacy among those ≤40 years of age, reflecting the ongoing nutrition transition. 17 Therefore it is unlikely that low vitamin A status could explain the UA among older adults. Similarly, 25(OH) (25-hydroxy) vitamin D increased with age so that few adults with UA also had low vitamin D status. Thus, although low vitamin D status may be associated with increased risk of infections and a proinflammatory state, 18 it does not appear to be a contributing factor to UA for Inuit. It should be noted, however, that the crosssectional nature of the study may have limited these assessments. The primary source of lead for Inuit is thought to be through bird and game tissues contaminated with lead shot, 19, 20 though age may be the most important predictor. 21 In general, blood lead levels have declined among Inuit over time in accordance with national regulations, yet concentrations are still higher for Inuit than among general population comparison groups. 21 Although there are toxic effects of lead on several enzymes involved in heme synthesis at concentrations as low as 50-100 μg/L, 22 overt anaemia occurs only with acute toxicity (≥600 μg/L). Therefore, given the moderate blood concentrations in this population, lead is not likely an important cause of anaemia. It is difficult to separate the effects of TF components in a cross-sectional survey, given that markers of TF use were correlated with blood lead levels and TF is a source of both micronutrients and contaminants. The use of nutrient-rich TF must be balanced with potential exposure to environmental contaminants. It is interesting that % RBC EPA, but not % DHA, was associated with lower Hb and increased risk of UA, despite positive associations between long-chain polyunsaturated fatty acid (LC-PUFA) and SF. 2, 3 There is biological plausibility for this effect, including increased RBC oxidative stress, accelerated RBC turnover, and increased RBC vitamin E requirement with a highly unsaturated fish oil-rich diet. 23 Although not measured in the current study, vitamin E intakes were previously a concern for adequacy among Inuit adults. 20 It is possible that vitamin E status is insufficient to maintain RBC stability at higher EPA proportions and should be further investigated. Despite the negative association between % RBC EPA and Hb, daily frequency of TF intake was positively associated with Hb concentrations after multivariate adjustment. While frequency of consumption of marine mammals (rich sources of EPA and DHA 24 ) alone is negatively associated with Hb, the overall index (sea mammals, game, fish, birds, bird eggs, and seafood) remained positive. Inuit TF are mainly animal source foods, rich in micronutrients. On days when TF is consumed, Inuit have been shown to consume more protein, iron, zinc, copper, vitamins A, B6, E and riboflavin, 12 all nutrients necessary for erythropoiesis. Inuit in a healthy adiposity category appear to be at increased risk for UA compared to Inuit in an "at-risk" adiposity category, even after controlling for age and hs-CRP. In contrast, higher BMI categories were associated with anaemia in post-menopausal US women. 25 The chronic inflammation of obesity is associated with 
CONCLUSION
Anaemia unexplained by iron deficiency among Inuit men and women over 50 years of age, and iron deficiency anaemia among pre-menopausal women, are moderate public health concerns. Although a definitive cause of anaemia among older adults could not be established, our study identifies factors that may contribute to UA for elder Inuit including inflammation, infections and low SES, as well as higher % RBC EPA and EBL in men. Despite the negative association between % EPA in RBC and Hb, TF intake overall remained positively associated with Hb, likely due to the micronutrient-rich content of these foods, which may protect Inuit from nutritional anaemias. Given the associated morbidity and mortality of anaemia in older adults, and the uncertainty around appropriate age-and ethnicity-based anaemia cut-offs, determining the clinical significance of this mild but prevalent anaemia is important for the health and well-being of older Inuit adults. Future research is needed to evaluate the determinants and consequences of UA. 
